We compiled data from the literature and colleagues to examine the relationship between eye axial length and body weight for vertebrates as well as birds, mammals, reptiles, and fishes independently. After fitting the data to logarithmic and semi-logarithmic models, we found that axial length of vertebrate eyes does obey a conventional logarithmic relationship with body weight rather than a semi-logarithmic relationship as suggested by the results of previous studies [Handbook of Sensory Physiology, VII/5: The Visual System in Vertebrates, Springer-Verlag, Berlin, 1977; The Allometry of the Vertebrate Eye, Dissertation, University of Chicago, UMI, Ann Arbor, T28274, 1982]. The regression slopes and intercepts appear to be characteristic of various animal groups. The axial length of the eye is largest in birds and primates, smaller in other mammals (especially rodents) and reptiles, and widely varying in fishes.
Introduction
What is a large eye and what is a small eye, in relation to body size? In order to answer this question, one must first find a measure of eye size. The axial length of the eye serves as a valid measure of eye size for two reasons: first, a considerable amount of information on eye size has been gathered in this form, and second, there is a close relationship between axial length and focal length of vertebrate eyes (Murphy & Howland, 1987) . The focal length determines the size of the image on the retina, and although the spatial sampling frequency may vary across a retina and between taxa, nonetheless, the focal length is related to the amount of visual information reaching the brain. This makes axial length a particularly meaningful measure.
Allometry refers to the scaling of size of animals and their parts. It is well known that animals are not isometric; that is, their organs generally do not scale in a linear fashion with their bodies. For example, cartoonists often exploit the fact that the eyes of babies are much larger in proportion to body size than the eyes of adults. The most commonly used allometric equation 
where the intercept constant of Eq. (1) is the logarithm of the proportionality constant of Eq. (2). The slope constant is often referred to as the ''body mass exponent''. All of these concepts are well reviewed and discussed by Schmidt-Nielsen (1984) . Researchers studying allometry in animals have usually attempted to relate the size of the organ to some functional property of that organ. For example, the sizes of bones might scale so that they would be columns of equivalent strength, in which case the square of the diameter of bones would scale with the mass of the animal (Schmidt-Nielsen, 1984) . Regarding sensory organs, it has been possible to relate the dimensions of the semi-circular canals to the frequency spectrum of the motions of the animals possessing them (Howland & Masci, 1973; Mayne, 1965) .
The eyes, however, present a unique problem in that no theory accounts for their scaling with body size. It is known empirically that the brain weight scales with the 0.66 power of the body size in many vertebrates, and given that weight is proportional to the third power of length, the brain's linear dimension therefore scales with the 0.22 power of the animal's weight (Schmidt-Nielsen, 1984) . Since the retina is a part of the brain, its diameter should also scale with the 0.22 power of body weight, and the other dimensions of the eye, such as axial length, may scale with weight in the same way.
The size of vertebrate eyes has been studied by Hughes (1977) . His data appear in Fig. 1 ; there is a curvilinear relationship between the logarithm of axial length and the logarithm of body weight. In this data set, the slope constant of Eq.
(1) appears to decrease with increasing body weight. One can obtain a straightline relationship between axial length and body weight if a semi-logarithmic plot of axial length vs. log body weight is used instead of a double logarithmic plot. However, Hughes's data set is rather small and includes mostly birds and mammals. It is possible that the conventional allometric equations would better describe a more inclusive data set. The purpose of this study was to expand on Hughes's data set and determine whether or not the conventional log-log allometric relationship holds for vertebrate eye size.
Methods
We compiled existing data on eye axial lengths and body weights of vertebrates from the literature (Allyn, 1947; Altman & Dittmer, 1962; American Kennel Club, 1938; Andersen & Munk, 1971; Bellairs, 1970; Carlander, 1969; Christie, 1985; Duke-Elder, 1963; Gay, 1914; Grzimek, 1975 Grzimek, , 1990 Halliday & Adler, 1986; Howland & Sivak, 1984; Hueter, 1991; Hughes, 1977 Hughes, , 1979 Hutchinson, 1935; Kroger & Fernald, 1994; Lord Jr., 1956; Martin & Brooke, 1991; Mathis, Schaeffel, & Howland, 1988; Murphy et al., 1990; Murphy, Evans, & Howland, 1985; Nellis, Sivak, McFarland, & Howland, 1989; Nelson, 1984; Neuweiler, 1962; Northmore & Granda, 1991; Norton & McBrien, 1992; Patten, 1960; Perrins, 1990; Perrins & Middleton, 1985; Pettigrew, Dreher, Hopkins, McCall, & Brown, 1988; RochonDuVigneaud, 1943; Rouse, 1973; Sivak, Howland, & McGill-Harelstad, 1987; Sivak, Howland, West, & Weerheim, 1989; Terres, 1980; Troilo & Judge, 1993; Wheeler, 1985; Whitaker, 1980) , from colleagues (Andrew Bass, Cheri Brown, Margaret Marchaterre, Mary Lou Miller, all of Cornell University; Christopher Murphy, University of Wisconsin; Frank Schaeffel, University of Tuebingen; personal correspondence), and from our own measurements of dissected specimens (using calipers) and prepared slides. When available, schematic eyes as well as measured photographs were used to obtain axial lengths. Our entire data set along with notes regarding data quality and method of measurement or calculation appears in the Appendix A. While we acknowledge that calculations such as those described below necessarily add error to the data, we believed the benefits of obtaining as large a data set as possible outweighed the costs.
For some of the animals, the axial length was derived from the eye mass of the animal. This was done by plotting log (axial length) vs. log (eye weight) for animals for which we had both axial length and eye mass. The resulting equation for the regression line through these points was used to calculate other axial lengths. For many of the birds, axial lengths were derived in a similar manner, though iris size was used instead of eye mass. For other animals, especially the reptiles, amphibians, and fishes, a weight was not available for a particular animal whose axial length we had. Often only the length of the animal was given and the weight had to be derived. This was done through the following relationship:
where W 1 and L 1 are the length and weight of a related animal. L 2 is the length of the animal of unknown weight. The relationship is based on the fact that L is proportional to W 1=3 and that for animals with similar body shapes, as in related species, the proportion
should hold true. In obtaining data from fishes, we encountered another problem. Fishes grow throughout their lives (as do some reptiles and amphibians), so an axial length obtained from one source for a particular species might be from a different age in the fish's life than the weight obtained from a different source. In order to find axial lengths and weights of fishes from the same point in time, dissections of Porichthys notatus (the plainfin midshipman) preserved in 10% formalin were performed. This ensured that at least a subset of our fish data consisted of axial length and weight measurements from the same individual fish. Weights were obtained before dissection of the eyes to find the axial lengths.
We then attempted to fit the data with logarithmic and semi-logarithmic models. We also examined the eye sizes of particular animal groups by finding the equations of the regression lines for birds, mammals (as well as rodents and primates separately), reptiles, and fishes, then used these equations to calculate the predicted log axial lengths from the actual body weights. When we had more than one set of measurements on the same species, we averaged the data in the form of log weight and log axial length so as not to give extra weight to any given species. Amphibians were included in the vertebrate data set but were not analyzed separately because of the small number of species for which we found data. For each group, an analysis of variance was performed to determine whether the slope was significantly different from zero, and for the log-log regressions, analyses of covariance (ANCOVAs) were performed to determine whether the slopes and intercepts differed significantly from those of the total vertebrate regression. To determine whether each taxon's log axial length was underestimated or overestimated by the vertebrate regression line (i.e. whether the members of each taxon have large or small eyes compared to vertebrates as a whole), we used a Wilcoxon signed rank test to examine the differences between the actual log axial length values and those predicted by the vertebrate regression line. All statistical analyses were performed using the computer program StatView (Abacus Concepts, Berkeley, CA).
Results
Our data and regression statistics for all vertebrates as well as for each taxon studied alone appear in Table  1 . The conventional allometric equation (1) appeared to fit the data as well as a semi-logarithmic plot. In all cases except fishes, primates and reptiles, the proportion of variance explained by the model was greater for the logarithmic model than for the semi-logarithmic model. The conventional equation also had the advantages of a more even distribution of the data along each axis. Therefore, all figures are shown as double logarithmic plots in the form of Eq. (1).
A logarithmic regression plot of axial length and body weight for all vertebrates is given in Fig. 2 . The curvilinear shape of Hughes' graph ( Fig. 1) has flattened with the inclusion of many more vertebrates. However, the slopes and intercepts are identical to one decimal place. The distributions of weights and axial lengths when plotted logarithmically are both close to normal, as shown in Fig. 3 .
The regression equation for all vertebrates allows us to predict the axial length for any given animal and compare it to the true axial length value to determine whether an eye is relatively large or small compared to vertebrates as a whole. Relative to the regression line, then, the largest eye in Fig. 2 is that of the 2-kg eagle owl at 35 mm, and the relatively smallest eye is that of the 0.5-kg reedfish at 2.25 mm. Regression plots of log axial length vs. log weight for each group studied are given in Fig. 4 . A plot of all regression lines including the total vertebrate regression line is given in Fig. 5 .
Birds
The regression plot for birds alone appears in Fig. 4a . An ANCOVA found that the slope of this line does not differ significantly from the slope of the total vertebrate regression line (F ¼ 0:104; p ¼ 0:75); however, the intercepts are significantly different (F ¼ 32:027; p < 0:0001), meaning that the regression line for birds is parallel but not coincident with the regression line for all vertebrates. A comparison of actual log axial weights of birds with those predicted from the all-vertebrates regression using a Wilcoxon signed rank test showed that the probability that these were drawn from the same population was <0.0001. Therefore, bird eyes are 36% larger than those of vertebrates in general. Fig. 4b gives the regression plot for all mammals studied. According to an ANCOVA, the slope and of this regression line differs significantly from that of the vertebrate. A comparison of actual log axial weights of mammals with those predicted from the all-vertebrates regression using a Wilcoxon signed rank test showed that the probability that these were drawn from the same population was p < 0:0001. These results show that mammals have axial lengths that are 15% larger than those of vertebrates as a whole.
Mammals
Among the mammals, rodents alone are shown in Fig.  4c and primates alone in Fig. 4d . For rodents, the slope of the regression line does not differ significantly from that of the vertebrate regression line, but the intercept is significantly different (slope: F ¼ 2:565, p ¼ 0:1103; intercept: F ¼ 5:758, p ¼ 0:0170). For primates, neither the slope nor the intercept differ from those of the vertebrate regression line, implying that the primate and vertebrate regression lines are coincident. A comparison of actual log axial weights of rodents with those predicted from the all-vertebrates regression using a Wilcoxon signed rank test showed that the probability that these were drawn from the same population was p < 0:0004. For primates, this difference was also significant, but the mean of the residuals was positive rather than negative (Wilcoxon signed rank test, p < 0:0004). The vertebrate regression overestimates the axial lengths of rodents and underestimates those of primates; thus, rodents have 61% as large eyes and primates have 35% larger eyes than those of vertebrates as a whole.
Reptiles
Reptile regression data appear in Fig axial weights of reptiles with those predicted from the all-vertebrates regression using a Wilcoxon signed rank test showed that the probability that these were drawn from the same population was <0.0021. Reptiles therefore have eyes that are 70% as large as those of vertebrates as a group.
Fishes
Data for fishes appear in Fig. 4f ; they show a remarkable range of variation in eye size as a function of species. The r 2 values for fishes were the lowest of all the vertebrate groups for both regression models; only the semi-logarithmic regression for reptiles and birds were lower. Possibly as a result of this great variability, the differences between the actual and predicted log axial lengths were not significantly different (p > 0:25 Wilcoxon signed rank test) and neither the slope nor the intercept was significantly different from that of the vertebrate regression line (slope: F ¼ 3:288, p ¼ 0:0707; intercept: 
Discussion
A desirable transform for the sizes of animals or their parts is one that does not emphasize small or large sizes over each other and distributes the axial lengths and weights either evenly or in a bell-shaped curve along the axis. In a limited data set (Hughes, 1977) , it appeared that the logarithm of body weight was linearly related to the axial length of the eye, but upon collecting data for more vertebrates we found that the conventional double logarithmic formula of Eq. (1) The curvilinearity of the Hughes data disappears when a large sample of vertebrates is studied but returns when only mammals are examined, showing that mammals accounted for much of the deviation from the conventional allometric relationship. This finding merits further investigation; perhaps different models fit different families of animals, rather than one logarithmic model for all vertebrates or all families of the same class. Ritland (1982) found a similar result for eye diameter and body length as opposed to eye axial length and body weight. Mammals had a pronounced concave curve on a log-log plot (decreasing slope with increasing log weight), and birds had a slight concave curve, whereas the reptilian and amphibian lines were straight (Ritland, 1982) . The concavity of the mammalian graph was largely attributable to insectivores, microchiropterans, and caenolestid marsupials, as well as the smaller rodents and edentates, all of which had relatively small body sizes and large slopes (eye size/body size). Furthermore, each group of mammals had a linear log-log graph, but the combination of different groups with different slopes gave the composite graph a curvilinear appearance (Ritland, 1982) .
The high amount of variation in the fish regression, for instance, is largely the result of fifteen species that lie below the regression line. Removing these species increased the r 2 value for the log-log plot from 0.452 to 0.828. Of these species, at least ten have particularly long bodies, such as the green moray, reedfish, and lamprey. Increasing a fish's body length is one way to increase body mass without increasing head size (and therefore eye size), so long-bodied fishes such as eels may not obey the same allometric relationships as other fishes do.
Conclusions
The regression line for all vertebrates provides a measure of relative eye size for any given body weight. Animals whose axial lengths lie above the regression line have relatively large eyes, and those below it have relatively small eyes. After comparing the regression lines for vertebrates as a whole and for each group alone, we conclude that birds and primates have relatively large eyes and that both rodents and reptiles have small eyes. Fish eye sizes, on the other hand, are so variable that no general conclusion can be drawn regarding their relative sizes. Of course, the relative eye size of any animal listed in the Appendix A may be estimated by comparing its axial length with the predicted axial length of the smallest taxon within which it falls.
What, then, is the significance of having a long or short axial length? The main consequence of a longer eye is a greater resolving power. Regardless of how eye size is measured (e.g. axial length, diameter, volume), resolving power increases with absolute eye size (Walls, 1967, p. 175) . However, there is an added advantage to having not only a large eye but a long eye: the increased distance between the cornea/lens and the retina increases the size of the image (Walls, 1967, p. 175) . A large image is quite useful for animals that rely on vision to find food and escape from predators.
Therefore, a future direction of this research is to investigate the role of other factors such as nocturnality and predation with a view toward quantifying their effect on eye size. Using eye diameter and body length as measures of size, Ritland (1982, p. 130) found correla- Log axial length in mm Log weight in Kg tions between eye size and behavior for a large sample of birds, concluding that the relative length of the optical axis was inversely related to the width of the visual field necessary for a particular species's lifestyle, and that eye size in general reflected the relative importance of vision among birds. The same conclusion may well hold true for other classes of terrestrial vertebrates. For example, birds in general need to scan the environment over long distances during flight for food and predators and thus have large eyes, attesting to the importance of vision and the need for great resolving power in avian life. The high speeds at which some birds (especially raptors) fly also creates a need for high visual acuity (Walls, 1967, pp. 173-174) . However, in this regard, Hall (2000) in an examination of Leuckart's law (which states that swifter moving animals have larger eyes) did not find convincing evidence for it in a study of a number of bird species.
On the other hand, rodents have highly developed senses of olfaction and hearing, senses which at times are better suited than vision to a nocturnal lifestyle. However, when vision remains important in nocturnal animals such as owls, larger eyes can maximize the amount of light reaching the retina. It may not be possible, therefore to make generalized predictions about eye size based solely on the nocturnal or diurnal lifestyle of animal groups. Some nocturnal animals rely on senses other than vision, which is reflected in their small eye size. Others take the strategy of increasing eye size as much as possible to compensate for the low light conditions. Terres (1980) and Eq. (3). 21. Weight was calculated using Eq. (3), the length given by Nelson (1984) , and the length and weight of the brook trout from the same source. 22. Budgie and cockatiel weights were calculated using the length and weight of the blue-grey gnatcatcher given by Terres (1980) and Eq. (3). Lengths of the budgie and cockatiel were given by Christie (1985) . 23. The great horned owl weight was calculated by applying Eq. (3) to the length and weight of the great grey owl given by Perrins and Middleton (1985) and the length of the great horned owl from Perrins (1990) . 24. We calculated the weight of the little owl using great grey owl data (see Note 23) and little owl length from Perrins (1990) . 25. Magellanic penguin weight was calculated using emperor penguin weight and length given in Perrins and Middleton (1985) and Eq. (3). The length of the magellanic penguin was given in Perrins (1990) . 26. We calculated the weight of the rockhopper penguin using emperor penguin data (see Note 25) and the rockhopper penguin length given in Perrins (1990) . 27. We calculated the weight of the Humboldt penguin using emperor penguin data (see Note 25) and the Humboldt penguin length given in Perrins (1990) . 28. We calculated the turkey vulture weight by applying Eq. (3) to the weight and length of the Andean condor as well as the turkey vulture length given in Perrins (1990). 29. The sparrow hawk weight was calculated using the weight and length of the northern goshawk given by Perrins and Middleton (1985) , the length of a sparrow hawk given by Perrins (1990) , and Eq. (3). 30. Altman and Dittmer (1962) listed the weight of the eye in grams as well as body weight in kilograms. By regressing log axial length vs. log eye weight for the animals listed by Altman and Dittmer (1962) whose axial lengths we knew, we derived a formula to calculate axial lengths for animals for which we had only eye weights.
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Data quality legend
The data were ranked according to the accuracy, with direct measurements of weight and axial lengths (Group 1) being the most accurate and derivations of both (Group 7) being the least accurate:
